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The influence of thrombus, calcification,
angulation, and tortuosity of attachment sites on
the time to the first graft-related complication
after endovascular aneurysm repair
Thomas R. Wyss, MD,a Florian Dick, MD,a,b Louise C. Brown, PhD,a and
Roger M. Greenhalgh, MA, MD, MChir, FRCS,a London, United Kingdom; and Bern Switzerland
Purpose:Endovascular aneurysm repair (EVAR) is associated with high graft-related complication rates during follow-up.
Anatomical fit between patient and endograft could be an important factor for successful treatment. Aim was to assess
whether extent of thrombus, calcification, angulation, and tortuosity are associated with occurrence of complications
after EVAR.
Materials and methods: Patients in either United Kingdom EVAR trial 1 or 2 were included if they had undergone EVAR
within 6 months of randomization and had a preoperative computed tomography (CT) scan of adequate quality in the
core laboratory. Three-dimensional CT imaging was used to assess extent of preoperative thrombus, calcification,
angulation, and tortuosity in aneurysm neck and iliac segments. Cox regression modeling, adjusted for the variables
tested and for known confounding variables, was used to investigate whether these factors were associated with increased
rates of reported first complications.
Results:A total of 217 patients with 53 first graft-related complications were analyzed after a mean follow-up of 3.6 years.
Adjusted hazard ratios (95% confidence intervals, P values) for complications per unit increase of variable were 0.96
(0.92-0.99, 0.018) for neck thrombus, 1.06 (1.00-1.12, 0.044) for neck calcification, 1.02 (1.00-1.05, 0.079) for neck
angulation, 1.04 (1.01-1.06, 0.011) for common iliac thrombus, 0.96 (0.93-1.00, 0.033) for common iliac calcification,
and 5.96 (1.53-23.28, 0.010) for common iliac tortuosity.
Conclusion: Increased neck angulation and calcification and common iliac thrombus and tortuosity are associated with
higher rates of graft-related complications after EVAR. Increased neck thrombus and common iliac calcification appear
to protect against complications. Careful evaluation of these factors prior to EVAR might lead to lower complication
rates. ( J Vasc Surg 2011;54:965-71.)
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lMore than 2 decades ago, endovascular aneurysm re-
pair (EVAR) of abdominal aortic aneurysm was initiated as
an alternative for patients considered unfit to undergo open
repair.1,2 Since then, EVAR has been used widely to treat
anatomically suitable patients at all levels of fitness and has
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doi:10.1016/j.jvs.2011.04.007ecome a common procedure. It is less invasive than open
epair and is associated with lower perioperative morta-
ity.3-5 However, EVAR is associated with high rates of
omplications and reinterventions during long-term
ollow-up with over 50% of patients experiencing a kind of
omplication within the first 8 years. This constitutes a
hree- to fourfold higher rate of complications compared
ith open repair.6 Some of the complications have been
hown to be associated with an increased risk of endograft
upture after EVAR.7 This is a major disadvantage of EVAR
s the early aneurysm-related mortality benefit appears to
e eroded by these late endograft ruptures.6
Anatomical fit between the patient and stent graft is
ikely to be an important factor for successful treatment.8
hus, refined selection criteria, in terms of anatomical
uitability, might improve long-term performance. The seal
etween the graft and the attachment zones must be tight
o exclude the aneurysm and to avoid complications such as
raft migration or endoleak. Other complications, includ-
ng kinking or thrombosis of graft limbs relate to the degree
f bending in tortuous vessels. Increased age, aneurysm
iameter, and common iliac diameters have been shown to
e associated with higher rates of complications. Neck
ength did not appear to be a prominent issue.9 Thrombus,
alcification and angulation at attachment sites, and tortu-
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October 2011966 Wyss et alosity of access vessels are thought to be further important
risk factors.10 However, extent of influence of these factors
has not been quantified using conventional imaging tech-
niques. Three-dimensional (3D) image processing over-
comes typical limitations of planar reconstruction such as
parallax error, an imprecise volume calculation, and reduces
measurement variability while interobserver agreement is
improved.11 In particular, qualitative and quantitative as-
sessment of thrombus, calcification, and tortuosity be-
comes feasible.11,12 The aim of this study was to investigate
how strongly, if at all, these factors are associated with
graft-related complications using computed tomography
(CT) scan core laboratory data from the United Kingdom
EVAR trials.
METHODS
EVAR trials and computed tomography scans. The
EVAR trials 1 and 2 methods have been published previ-
ously.13 In brief, patients of both sexes and aged at least 60
years with an abdominal aortic aneurysm diameter 5.5
cm, confirmed on a preoperative CT scan and deemed
suitable for endovascular repair by the local investigators
were recruited. Patients considered fit enough for an open
repair were recruited into EVAR trial 1 and randomized to
endovascular repair or open repair. Unfit patients were
offered entry into EVAR trial 2 and randomized to endo-
vascular repair or no intervention. Patients have been fol-
lowed for mortality, complications, and reinterventions
until the trial closed at the end of December 2009 with final
results published in 2010.6,14 Pre- and postoperative
EVAR protocol CT scans were performed in all patients.
Two research radiographers traveled to all participating
centers and attempted to collect as many electronic copies
of these CT scans as possible and these were digitally stored
in a central core laboratory. The availability of the scans
varied throughout the 41 EVAR trial centers because ar-
chiving of CT scans was not mandatory in the United
Kingdom during the first years of the trials, starting in
1999. There was also variation in quality of the retrieved
scans in terms of slice thickness (1-10 mm) and contrast
medium enhancement. Due to software limitations, scans
above 5-mm slice thickness and without adequate intralu-
minal contrast were not suitable for 3D reconstruction.
Ethical approval was granted for patients enrolled in the
EVAR trials and for centralization of CT data in a core
laboratory (UK Multicentre Research Ethics Committee
MREC 98/8/26 and 27).
Three-dimensional imaging software. The EVAR
trials core laboratory uses a 3D imaging workstation (Vitrea
2, Version 4.3.044.0; Vital Images Inc, Minnetonka,
Minn). Detailed description of the measurement protocol
and validation of core laboratory methodology for preop-
erative CT scans of abdominal aortic aneurysm have been
published.11 In brief, Vitrea 2 calculates a spatial recon-
struction from axial CT images in the digital image and
communication inmedicine (DICOM) format. Automated
introduction of a central luminal line (CLL) into aorta and
iliac arteries is offered. The software then creates curved leconstructions along the CLL for length measurements.
eduction of parallax error is achieved by cross-sectional
lanes perpendicular to the CLL at any given point. The
asis for volume calculations is set by a semiautomated
efinition of the contours of the vessel lumen (the contrast
edium core) and of the outer wall. All automated propos-
ls were checked and, if necessary, amended by a single
bserver (T.R.W.) performing all measurements. Calcifica-
ion measurements were based on different quantities of
ounsfield units (HU). We used threshold limits for calci-
cations of 150 to 1300 HU. Volumes of thrombus and
alcification were quoted as percentages. This was based on
he proportion of the volume taken up by thrombus or
alcification in that segment in relation to the total volume
f that segment, eg, the percentage of the neck volume that
as taken up by thrombus/calcification (Fig). Tortuosity
f vessels was expressed as the ratio of a vessel’s length
long the CLL and the shortest direct (ie, straight) dis-
ance. A perfectly straight vessel would therefore have a
ortuosity index of 1 with very tortuous vessels having ratios
uch greater than 1. Angulations were measured between
wo axes along the CLL (ie, spacially). The mean standard
eviation (SD) time necessary for complete anatomical-
orphologic 3D assessment of an aneurysm, including
oth iliac arteries was 17.2 (4.1) minutes.11
Statistical analysis. All analyses were performed using
tata Version 10 (Stata Corp, Tex). Descriptive statistics
ere reported as percentage or mean (SD) unless specified
therwise. Given that there were just 53 first complications,
nalysis of factors associated with complications was limited
o no more than six. These six potentially important factors
ere selected as part of a statistical analysis plan agreed on
efore the data were inspected: aortic neck angulation,
hrombus and calcification, and common iliac thrombus,
alcification, and tortuosity. Cox regression analysis was
sed to investigate whether these factors were associated
ith an increased risk of first endograft complications, as a
omposite endpoint. Graft-related complications were re-
orted by local radiologists and had been predefined by the
rial13 as graft rupture, migration, endoleaks type I and III,
inking, thrombosis, graft infection, renal infarction, un-
uccessful deployment, or conversion to open repair for any
omplication. Identification of complications was based on
he assessment of the respective treating clinicians as re-
orted on trial case record forms. Analyses were timed from
he endovascular procedure to the time of first complica-
ion and for patients without a complication; their
ollow-up was censored at death, loss to follow-up, or the
nd of follow-up, which was truncated at the end of August
009. Variables were included in the Cox model in contin-
ous format, but results were presented above and below
he median as well to demonstrate the direction of effect.
rude hazard ratios were calculated as well as ones adjusted
or all six of the thrombus, calcification, angulation and
ortuosity variables being analyzed, EVAR trial 1 or 2, age,
ge squared, sex, aneurysm diameter, top neck diameter,
eck length, log (maximum common iliac diameter of two
egs), graft manufacturer (Cook/Zenith [Bloomington,
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Volume 54, Number 4 Wyss et al 967Ind], Medtronic/Talent [Minneapolis, Minn], Gore/Ex-
cluder [Flagstaff, Ariz], and other), graft shape (straight
and uni-iliac vs bifurcated), early or late time of deployment
(calculated as time between August 1, 1999 and EVAR
deployment) and trial center (included as a random effect).
This list of adjustment variables was selected on the basis of
a previous publication demonstrating their significant asso-
ciation with complication rates on case record from data
recorded in the full series of patients recruited into the
EVAR trials.9 During that investigation, risk of overfit and
collinearity issues was assessed and not found to be a
problem within the data set. Therefore, it was decided to
adjust for these potential confounders for the exploration
of anatomical prognostic factors.
RESULTS
A total of 217 preoperative CT scans for patients un-
dergoing EVAR within 6 months of randomization were
available and of adequate quality for 3D imaging. The
baseline characteristics of these 217 patients are shown in
Table I. One hundred eighty (83%) patients were recruited
from EVAR trial 1 and 37 (17%) from EVAR trial 2, but all
analyses were adjusted for trial. Bifurcated grafts were used
in 195 patients (90%), straight or uni-iliac grafts in 19
patients (9%), and unknown shapes in three (1%) patients.
All were second- or third-generation grafts: Cook/Zenith,
Fig. Axial, coronal, and sagittal views of an infrarenal a
Green  contrast medium-enhanced lumen. Yellow  ca111 (51%); Medtronic/Talent, 81 (37%); Gore/Excluder, r2 (6%); others, 12 (6%); and unknown, one (1%). There
as an even spread of complication rates among the differ-
nt manufacturers of endografts. The mean (SD) slice
hickness of analyzed CT scans was 3.4 (1.4) mm. Seventy-
ve (35%) were 5-mm scans; the remainder was of higher
able I. Baseline characteristics of 217 patients included
n the analysis
ge (years) 74.7 (6.6)
ex
Male 188 (87%)
Female 29 (13%)
AA diameter (cm) 6.5 (0.9)
op neck diameter (cm) 2.3 (0.3)
eck length (cm) 2.8 (1.3)
ommon iliac diameter (cm, maximum
of both legs) 1.6 [1.4-2.0]
natomical factors explored:
Neck thrombus (%) 24.5 (10.7)
Neck calcification (%) 8.0 (6.5)
Neck angulation (degrees) 35.5 (13.5)
Common iliac thrombus (%) 29.8 (16.5)
Common iliac calcification (%) 13.3 (11.6)
Common iliac tortuosity 1.2 (0.2)
ll continuous variables quoted as mean (standard deviation) apart from
ommon iliac diameter, which was positively skewed and is quoted asmedian
interquartile range). Thrombus and calcification as percentages of total
olume.
inal aortic aneurysm with central luminal line (yellow).
ation. Red and blue  thrombus.bdomesolution.
t
a
w
I
c
m
d
n
c
v
t
f
b
a
a
j
e
b
r
l
r
i
n
p
c
a
a
b
t
b
a
t
p
c
w
t
S
o
t
v
t
t
l
s
t
n
T
c
v
w
h
c
s
m
w
JOURNAL OF VASCULAR SURGERY
October 2011968 Wyss et alA total of 53 first graft-related complications occurred
during 791 person years of follow-up and 33 were treated
with some type of reintervention. The trial protocol did not
specify whether a reintervention should be performed for a
complication, as this was left to the discretion of the local
interventionalist. Table II shows the types and numbers of
first complications and numbers of reinterventions that
occurred with type I endoleaks, kinking and thrombosis
being the most common complications.
Results from the Cox regression analysis are shown in
Table III with hazard ratios for each variable indicating the
estimated change in the probability of incurring a first
complication per unit increase in that variable. For exam-
ple, the 0.96 hazard ratio (95% confidence interval, 0.92-
0.99) for neck thrombus indicates that the probability of
incurring a complication at any point in time was an esti-
mated 4% lower for a 1% increase in the volume of throm-
bus in the neck. Similarly, the rate of complications in-
creased by 2% (95% confidence interval, 1.00-1.05) per 1
degree increase in aortic neck angle. All six factors demon-
strated evidence of association with the rate of graft com-
plications with the most statistically significant associations
seen for common iliac thrombus and common iliac tortu-
osity.
DISCUSSION
This study assessed the association between endovascu-
lar attachment site characteristics and first complications.
The findings highlight the importance of good anatomical
fit and they provide an estimate of the predictive value of
the investigated risk factors. Although tortuous configura-
tion, calcification, and thrombus were all independently
associated with the rate of complications, their effects were
not all in the same direction (Table III). Increased iliac
thrombus and tortuosity showed the most statistically sig-
nificant association with first complications. Due to inher-
ent difficulties assessing iliac arteries on two-dimensional
(2D) planes, both parameters have been investigated only
Table II. Types and numbers of first complications and
reinterventions
Type of complication
n, as first complication
(number of reinterventions)
Graft rupture 2 (1)
Migration proximal 4 (0)
Migration distal 4 (2)
Migration unspecified 3 (2)
Endoleak type Ia 11 (7)
Endoleak type Ib 3 (3)
Endoleak type I
unspecified
3 (3)
Endoleak type III 6 (2)
Kinking or thrombosis 13 (9)
Problematic deployment 1 (1)
Conversion to open repair 3 (3)
Total 53 (33)poorly before. However, as iliac anatomy determines both ahe distal landing zones and access of the device into the
orta, it seems likely that increased tortuosity and thrombus
ould complicate access, impair fixation, or lead to a kink.
n contrast, the finding of a protective role of iliac calcifi-
ation is counterintuitive, as higher complication rates
ight be expected in more calcified arteries. Earlier reports
id not suggest such an association,8 and no robust expla-
ation can be offered. This finding may be artifactual as the
rude complication rates above and below the median are
ery similar, and there is also a marked difference between
he crude and adjusted hazard ratios inferring that con-
oundingmight be having a strong effect and interpretation
ecomes more difficult.
Proximal neck angulation demonstrated the weakest
ssociation with complications after endovascular repair
nd was only of borderline statistical significance after ad-
usting for potential confounders. This is at odds with
arlier reports where severe neck angulation was found to
e the most important independent risk factor for occur-
ence of type I endoleak or graft migration,15 or an angu-
ation above 45 degrees was identified as a predictor of
einterventions for failed endovascular repair.16 Thus, the
ndependent effect of neck angulation seems less pro-
ounced in the current study than in these earlier reports. A
otential explanation is that this study adjusted for calcifi-
ation and thrombus, which could be related to neck
ngulation.
Presence of thrombus or calcification at the proximal
ttachment zone is generally thought to impair fixation
etween the stent graft and vessel wall, potentially leading
o endoleaks and migration or increasing the risk of throm-
oembolism.17 However, there does not appear to be an
greed method of how to quantify the extent of local
hrombus or calcification.18 For instance, some have pro-
osed to graduate thickness of thrombus and extent of cir-
umferential expansion on “representative” slides,8,17,19,20
hereas others have assessed thrombus load as percent
hrombosed area within consecutive cross-sections.18,21
imilarly, calcifications have been measured as proportions
f cross-sectional quadrants containing relevant calcifica-
ions,22 percentage of affected circumference,8,23 or by
isual inspection of coronal and sagittal views.18 Common
o these graduation schemes is that they are semiquantita-
ive at best and none of them adjust for the central luminal
ine. Accordingly, reports have not been consistent as many
tudies did not demonstrate any correlation between
hrombus or atheroma lining or calcification at the aortic
eck and incidence of endoleaks or graft migration.15,21
he current study proposed to assess the thrombus and
alcium load within the designated attachment segment by
olumetry, as has been done before for thrombus lining
ithin aneurysms.24 Interestingly, thrombus seemed to
ave a protective effect in the proximal region, whereas
alcification was a risk factor for complications. Possibly the
ofter thrombus acts as a plaster-like texture resulting in a
ore snug adhesion between the stent graft and the vessel
all, whereas uneven calcifications may impede the exact
ttachment of the stent graft. It is unclear why the results
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the proximal and distal landing zones. This might be ex-
plained by statistical issues such as confounding relation-
ships between all the covariates in the adjusted models or
power and multiple testing issues on a relatively small
sample, but further work in other larger datasets is required
to see whether these findings are reproduced elsewhere.
Although angulation, mural thrombus, and calcifica-
tion at the attachment zone had all been found to affect
long-term success of endovascular repair before,19,23,25,26
exact quantification of their impact has remained difficult
for a number of reasons. First, early recommendations for
anatomical criteria were derived on the basis of “best cur-
rent opinion” and manufacturers’ suggestions.8 Although
prospective and controlled investigations were advocated
to affirm the predictive value according to grading
schemes,8 registries adopted to use similar anatomical in-
clusion criteria,27 and thereby prevented a prospective val-
idation across the whole anatomical spectrum. Second,
previous 2D imaging techniques have restricted the accu-
racy and repeatability of spatial measurements.11,28
It has been argued that device modifications and opti-
mized selection criteria for suitable patients might lead to a
reduction in the occurrence of complications.29 Newer
generations of endografts may change this. However, pres-
ently there is no evidence to support this assumption.30
It must be stressed that the results presented here refer
only to patients in whom their aortic anatomy has been
deemed anatomically suitable for an EVAR device by local
investigators across the UK between 1999 and 2004. The
Table III. Results of Cox regression analysis of factors ass
Variablea
Number of
complications/patients
(rate/100 person-years)
Neck thrombus
25% 34/109 (9.3)
25% 19/108 (4.5)
Neck calcification
6% 25/109 (6.0)
6% 28/108 (7.6)
Neck angulation
34 degrees 23/109 (5.9)
34 degrees 30/108 (7.5)
Common iliac thrombus
27% 21/104 (5.2)
27% 29/104 (8.3)
Common iliac calcification
10% 25/104 (6.6)
10% 25/104 (6.7)
Common iliac tortuosity
1.14 21/104 (5.4)
1.14 29/104 (7.9)
aVariables are presented above and below the median value but are included
change in rate of complication per unit increase in that variable.
bCrude model adjusted for trial 1 or 2. Adjusted model adjusted for trial an
diameter, neck length, log (maximum common iliac diameter of two legs), g
graft shape (straight or uni-iliac versus bi-iliac), early or late time of deploy
(included as a random effect). Adjusted model reduces to 49 complicationspragmatic design of the EVAR trials offers a unique oppor- bunity to investigate outcomes since the trials’ protocol did
ot elaborate on suitability.13 Local investigators were at
iberty to treat their patients according to their best knowl-
dge. Similarly, certain outcomes (ie, complications in the
urrent context) were assessed by local clinicians and
eported during structured trial follow-up. However,
hether or not to intervene for a graft-related complication
as decided locally. Therefore, complications might have
een reported, but treatment delayed or not considered for
arious reasons, eg, patient refusal, fitness for reinterven-
ion. Thus, a range of anatomical variations is likely to have
een included allowing for correlation with potentially
evere complications across that anatomical spectrum.
oreover, within the trials, patients were randomly as-
igned to receive endovascular repair and, thus, external
alidity is likely to encompass all patients deemed suitable
or endovascular repair.
Study limitations. Only a subset of 217 EVAR trial
atients could be included into the analysis based on avail-
bility and quality of CT scans for 3D reconstruction.
lthough this selection bias is unlikely to be at random, it
as not based on morphologic suitability for endovascular
epair but on technical infrastructure and hospital policy of
he respective centers at the time. This was an analysis of
ata from a trial that had not been designed to answer this
pecific study question. However, all data had been col-
ected within the trial and the current analysis plan had been
greed before data were inspected.
Using a set of complications as a composite endpoint
ight limit the analysis. It does not allow for differentiation
ed with graft-related complications
Crude Cox hazard ratio
for complicationsb
[95% CI] P value
Adjusted Cox hazard ratio
for complicationsb
[95% CI] P value
0.97 0.96
[0.95-1.00] [0.92-0.99]
.051 .018
1.00 1.06
[0.97-1.05] [1.00-1.12]
.666 .044
1.03 1.02
[1.01-1.05] [1.00-1.05]
.009 .079
1.01 1.04
[0.99-1.02] [1.01-1.06]
.372 .011
1.00 0.96
[0.97-1.02] [0.93-1.00]
.815 .033
6.19 5.96
[2.19-17.53] [1.53-23.28]
.001 .010
Cox models in continuous format such that the hazard ratio indicates the
ther variables in the table as well as age, age2, sex, AAA diameter, top neck
anufacturer (Cook/Zenith, Medtronic/Talent, Gore/Excluder or other),
(calculated as time between August 1, 1999 and deployment) and center
9 patients due to missing covariates.ociat
in the
d all o
raft m
mentetween aneurysm- and limb-related issues. However, con-
11
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1
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October 2011970 Wyss et alsidering that there were only 53 complications to analyze,
statistical analysis was restricted. As various anatomical fea-
tures were assessed, we are presenting a possible association
of prespecified anatomical factors with the first complica-
tion reported. The median values listed do not reflect
suggested thresholds for intervention but simply demon-
strate anatomical variety.
The accuracy of the 3D assessment might be limited in
smaller vessels. In combination with CT scans of variable
quality (no standardization of CT type, slice thickness,
amount of contrast medium enhancement), this fact could
contribute to less accurate measurements in smaller vessels
and therefore to biased results, although adjustment for
vessel size should have minimized this. Based on the vali-
dation results of the core laboratory methodology,11 a
single observer evaluated the set of CT scans to reduce
variation between measurements.
We also need to remember that late endoleaks are
precipitated probably by changes in landing site diameters
as the dilating disease process continues.31 Morphologic
changes after endograft deployment have not been ac-
counted for in this analysis.
CONCLUSION
In summary, greater angulation and more calcification
in the aortic neck as well as higher levels of common iliac
thrombus and tortuosity were associated with higher rates
of first complications after endovascular repair. In contrast,
thrombus in the neck and calcification of the common iliac
arteries appeared to protect against such complications.
These findings were based on novel 3D imaging processing
and thus, validity of the results needs to be reconfirmed in
other studies. More careful assessment of anatomical suit-
ability for EVAR in terms of the extent of neck and iliac
thrombus, calcification, angulation, and tortuosity may
lead to lower complication rates in patients undergoing
endovascular aneurysm repair.
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